Purpose We aimed to determine whether embryo culture induces markers of cellular senescence and whether these effects were dependent on culture conditions. Methods Murine blastocysts were derived in vitro and in vivo and assessed for 2 primary markers of senescence: senescence-associated β-galactosidase (SA-β-gal) and phosphorylated H2A.X (γ-H2A.X), the latter being a mark of DNA oxidative damage. Expression of senescenceassociated genes p21, p16, and interleukin 6 (IL6) were also assessed. Results Compared with in vivo-derived blastocysts, in vitro embryos had high levels of SA-β-gal, nuclear γ-H2A.X, and p21 mRNA expression, indicating that a senescence-like phenotype is induced by in vitro culture. To determine the role of culture conditions, we studied the effect of oxygen (5 % vs 20 %) and protein supplementation on senescence markers. Blastocysts in reduced oxygen (5 %) had low levels of both SA-β-gal and γ-H2A.X compared with blastocysts cultured in ambient oxygen. Senescence markers also were reduced in the presence of protein, suggesting that antioxidant properties of protein reduce oxidative DNA damage in vitro. Conclusion Elevated SA-β-gal, γ-H2A.X, and p21 suggest that in vitro stress can induce a senescence-like phenotype. Reduced oxygen during embryo culture minimizes these effects, providing further evidence for potential adverse effects of culturing embryos at ambient oxygen concentrations.
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regulatory mechanisms, and ends with the blastocyst. This 4-to 5-day window of development encompasses a period of critical epigenetic reprogramming and can therefore represent a time when suboptimal culture conditions may have latent effects. Embryos in culture are destined for 1 of 3 fates: growth arrest, cell death, or development into a blastocyst. The majority of human embryos arrest or degenerate, with typically 30 to 40 % developing to the blastocyst stage [1] . In addition, in vitro-derived human blastocysts typically implant at a frequency of 50 %, indicating that not all blastocysts are developmentally competent. Suboptimal in vitro culture conditions alter gene expression of preimplantation embryos [2, 3] , with effects that may be responsible for embryonic arrest; however, the effect of in vitro stress on the fate of individual cells in the blastocyst is not clearly understood. Although programmed cell death (apoptosis) of cells exposed to stress in vitro has been studied in embryos [4, 5] , less is known about other cell fates.
Replicative cellular senescence is a term used to describe cells that are unable to replicate yet remain viable and metabolically active [6] . Senescence can be induced prematurely by various stressors such as oncogenes, irradiation, or oxidation [7] . This stress-induced premature senescence is a phenomenon of both in vitro cell culture and the in vivo setting. Markers to detect cellular senescence include senescenceassociated β-galactosidase (SA-β-galactosidase) [8] , proteins associated with DNA damage repair such as phosphorylated histone H2A.X (γ-H2A.X) [9] , and increased expression of genes involved in the stress response. Cells in senescence differ from apoptotic cells because senescent cells remain viable and metabolically active.
In somatic cells, reactive oxygen species (ROS) are implicated in the induction of cellular senescence [10] and in premature senescence with elevated oxidative stress during in vitro culture [11, 12] . These observations may apply to preimplantation embryos as well. Bovine embryos cultured with 20 % oxygen have significantly elevated levels of intracellular ROS and higher frequencies of permanent embryo arrest at the 2-to 4-cell stage compared with embryos cultured with 5 % oxygen [13] . Embryos that arrested at the 2-to 4-cell stage had γ-H2A.X foci, suggesting that the senescence pathway may be active in early embryos [14, 15] . Because culture to the blastocyst stage in ambient oxygen is a common practice in clinical IVF laboratories, stress-induced premature senescence may occur in human blastocysts, with downstream effects on development.
The objective of the current study was to determine whether markers of premature senescence appeared in mouse blastocysts in response to in vitro culture conditions. Our first aim was to compare the senescence markers SA-β-galactosidase, γ-H2A.X, and expression of p21, p16, and interleukin 6 (IL6) for blastocysts derived in vivo and in vitro. We then determined the impact of oxygen concentration, with or without protein supplementation, on SA-β-galactosidase and γ-H2A.X for blastocysts cultured in vitro.
Materials and methods
The manuscript does not contain clinical studies or patient data. All procedures involving animals were performed under an active Institutional Animal Care and Use Committee protocol.
Embryo collection and culture
Friend Virus B (FVB) mice (4-7 weeks old) were superovulated with intraperitoneal injections of 5 IU pregnant mare's serum (National Hormone and Peptide Program) followed 48 h later with 5 IU of human chorionic gonadotropin (APP Pharmaceuticals). Female mice were caged individually with male CF-1 mice for breeding overnight. Female mice were checked for copulation by observing a vaginal plug of semen the next morning.
In vitro group
Pregnant mice with vaginal plugs were euthanized at 18 to 20 h after human chorionic gonadotropin administration. Oviducts were excised and flushed with human tubal fluid medium containing N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate (HEPES) and 5 mg/mL human serum albumin (Cooper Surgical). One-cell embryos were cultured in Global medium (IVFonline) under mineral oil (Fisher Scientific) with ambient air with 7.0 % CO 2 at 37°C. Embryos were cultured for 96 h after embryo collection and development was assessed every 24 h. Embryos at the expanded or hatching stage at 96 h were included.
In vivo group
Pregnant mice were euthanized 3.5 days after coitum to obtain in vivo control blastocysts, which provides embryos at a similar developmental stage to in vitro blastocysts at 96 h of culture [16] . Oviducts were excised and flushed with human tubal fluid medium to obtain blastocysts.
Experiment one
In vitro and in vivo blastocysts were obtained from 3 replicates with 30 blastocysts for each marker studied. Markers included SA-β-galactosidase, γ-H2A.X, and expression of p21, p16, and IL6.
Experiment two
Effects of oxygen and protein were studied using a 2×2 factorial design, with 2 levels of oxygen (5 % vs 20 %), with or without 10 % v/v protein (serum substitute supplement (SSS), Irvine Scientific). After 96 h of culture, blastocysts were obtained from a minimum of 3 replicates, with at least 30 blastocysts obtained for both SA-β-galactosidase and γ-H2A.X.
Blastocyst preparation
Blastocysts from each experimental group were washed 3 times in phosphate-buffered saline (PBS; pH 7.4; Invitrogen) containing 0.1 % polyvinyl alcohol (PVA; Sigma Aldrich) and were either immediately snap-frozen in liquid nitrogen for RNA isolation or processed for SA-β-galactosidase or γ-H2A.X and 4',6-diamidino-2-phenylindole (DAPI) analysis.
Senescence-associated β-galactosidase assay Blastocysts from each experimental group were fixed in 2 % paraformaldehyde (ElectronMicroscopy Sciences) and 0.2 % glutaraldehyde (Sigma Aldrich) in PBS-PVA under mineral oil for 10 min at room temperature. Blastocysts were washed 3 times in PBS-PVA and incubated for 16 h in a CO 2 -free incubator at 37°C in SA-β-galactosidase assay solution. The SA-β-galactosidase assay solution consisted of 50 μL X-gal (20 mg/mL; American Bioanalytical), 200 μL 0.2 M citric acid (pH 6.0; Sigma Aldrich), 50 μL 100 mM potassium ferrocyanide (Sigma Aldrich), 50 μL 100 mM potassium ferricyanide (MP Biomedicals, Solon, OH), 30 μL 5 M sodium chloride (Boston BioProducts), 2 μL 1 M magnesium chloride (Boston BioProducts), and 620 μL molecular biology-grade water (Cellgro; Mediatech, Inc). A positive control for β-galactosidase activity was performed at pH 4.0. Assay solution was prepared fresh for each replicate.
Following incubation, blastocysts were washed extensively with PBS-PVA and assessed using a light microscope at 400× magnification (Nikon). Embryos were considered positive when blue staining was evident.
γ-H2A.X immunofluorescence staining
Each experimental group of embryos was fixed in 4 % paraformaldehyde in PBS under mineral oil for 1 h at 4°C. Embryos were washed 3 times in PBS with 0.1 % Tween 20 (Bio-Rad) and permeabilized in PBS with 1.0 % Triton X-100 (Sigma Aldrich) for 1 h at 4°C. Embryos were washed 3 times in PBS with 0.1 % Tween 20 and blocked in PBS containing 8 % bovine serum albumin (BSA) overnight at 4°C. Embryos were stained with primary anti-γ-H2A.X antibody (rabbit anti-mouse monoclonal immunoglobulin [Ig] G; Life Technologies) overnight at 4°C using a dilution of 1:300 in 1 % BSA/PBS. After this, embryos were washed 3 times in PBS with 0.1 % Tween 20 and incubated with a secondary fluorescein isothiocyanate-labeled antibody (anti-rabbit IgG; Life Technologies), diluted 1:500 in 1 % BSA/PBS, for 2 h at room temperature. The immunostained embryos were washed 3 times in PBS with 0.1 % Tween 20 and counterstained with 3 % DAPI (Abbott Molecular) in Vectashield mounting medium (Vector Laboratories). Confocal images were obtained with a LSM510 or LSM780 microscope (Zeiss). Blastocysts were scanned in 3 dimensions using the Z-stack function, with Z-stack images projected as overlays. Each nucleus of a blastomere with more than 5 foci of γ-H2A.X was considered positive [17] . Furthermore, we determined the percentage of nuclei within a blastocyst that was γ-H2A.X positive.
RNA extraction and amplification
For every biological replicate, total RNA was extracted from a pool of 10 blastocysts from each experimental group using the Prelude Direct Lysis Module (NuGen Technologies, Inc). The Ovation Pico WTA System (NuGen Technologies) was used to amplify the isolated total RNA (5 μL) according to the manufacturer's instructions. After amplification, samples were purified using DNA Clean & Concentrator (Zymo Research Corp). Concentrations of cDNA samples were confirmed with NanoDrop 1000 spectrophotometer analysis (Thermo Fisher Scientific, Inc).
Relative real-time polymerase chain reaction Gene expression was determined with real-time polymerase chain reaction (PCR) using the TaqMan Gene Expression Assay in a 7500 Fast Real-Time PCR System (Applied Biosystems). In brief, 10 μL of TaqMan Fast Advanced Master Mix were mixed with 5 μL of amplified cDNA from each biological replicate, 1 μL of the appropriate TaqMan primer (to detect p21, p16, or IL6), and 4 μL of water. A housekeeping gene encoding the TATA-box binding protein (TBP) was used as an internal standard [18] . The in vivo group was used as the reference group. Expression levels for each mRNA transcript were determined relative to the reference group and housekeeping gene. We used the comparative threshold cycle method [19] for calculation. Five biological replicates, each with 3 technical replicates, were performed for the in vitro and in vivo groups.
Statistical analysis
Results of the experiments were analyzed by 1-way analysis of variance (ANOVA) and significance was determined by the Student t test for the in vivo vs in vitro experiment. Results of experiment 2 were analyzed by ANOVA and means were compared with Tukey's test. P values<.05 were considered statistically significant. Analysis was performed using JMP software (SAS Institute, Inc) and Prism (GraphPad Software, Inc).
Results
Experiment one: in vivo vs in vitro blastocysts
The classical senescence marker SA-β-galactosidase was readily apparent in in vitro-derived blastocysts (Fig. 1a) ; 76.7 % of blastocysts were positive for SA-β-galactosidase compared with 3.3 % of the in vivo group (P<.001; Fig. 1b) . As an internal positive control, we performed the β-galactosidase assay at pH 4.0; under this condition, all in vivo and in vitro blastocysts were positive for β-galactosidase (data not shown).
DNA damage response, as measured with phosphorylation of the histone variant H2A.X (γ-H2A.X), was increased in blastocysts from the in vitro group (Fig. 2a) . In total, 45.2 % of nuclei from in vitro blastocysts had more than 5 γ-H2A.X foci, whereas only 14.2 % of the nuclei of in vivo blastocysts were γ-H2A.X positive (P<.001; Fig. 2b ).
Another marker of cellular senescence is increased expression of specific cell cycle and inflammation genes. Expression of p21 was 22.1-fold higher in in vitro blastocysts compared with the in vivo group (P=.046; Fig. 3a ). Expression of IL6 was similar between the 2 groups (P=.98; Fig. 3b ). Expression of p16 was not detected in either group.
Experiment two: effect of oxygen and protein on markers of cellular senescence As described above, markers of senescence were present in blastocysts derived from in vitro culture without protein in 20 % oxygen. To determine whether these markers were dependent on culture conditions, we designed a 2× 2 factorial study to compare the effects of 2 factors associated with oxidative stress, oxygen concentration and protein supplementation.
Blastocysts cultured in 20 % oxygen were positive for SA-β-galactosidase (Fig. 4) ; the proportion of positive blastocysts was similar for embryos cultured with or without protein supplementation (50.0 % vs 63.3 %, respectively). In contrast, for blastocysts cultured in 5 % oxygen, only 10.0 % stained positive for SA-β-galactosidase when protein was present but 26.7 % were positive when protein was absent (P<.05).
The DNA damage repair response marker, γ-H2A.X, was similarly affected by oxygen and by protein in the reduced oxygen group (Fig. 5a ). Fewer blastomeres per blastocyst in the reduced-oxygen group, with or without protein supplementation, had at least 5 foci in the nucleus (2.8 vs 11.2 %, respectively) compared with blastocysts in the 20 % oxygen group (29.3 vs 36.0 %, respectively; P<.05). Although blastocyst development for all treatment groups exceeded 75 % (data not shown), total cell numbers were reduced in the group cultured in 20 % oxygen without protein supplementation (P<.01; Fig. 5b ).
Discussion
Most mammalian embryos undergo permanent growth arrest during the first 5 days of development in vitro or develop to the blastocyst stage but then fail to implant [1] . The reasons for arrest and the mechanisms that regulate this process are poorly understood. In our study of murine blastocysts, we investigated the presence and extent of markers of the senescence response in blastocysts developed in vitro and observed significantly higher expression of markers such as SA-β-galactosidase, γ-H2A.X, and p21 compared with in vivoderived blastocysts. These findings indicate that components of the senescence response can be induced in embryos by stressors associated with in vitro culture. These energydependent cell responses to stress, particularly to DNA damage, may lead to cell cycle arrest and ultimately may affect viability or long-term development. Of potential importance for clinical assisted reproduction laboratories, we found that this senescence-like phenotype largely is due to culture in atmospheric oxygen, with 6-to 7-fold more γ-H2A.X-positive cells for blastocysts cultured in 20 % oxygen and similar levels of γ-H2A.X-positive cells when comparing blastocysts cultured in 5 % oxygen vs blastocysts cultured in vivo.
When actively growing cells accumulate a critical level of cellular damage, proliferation ceases and cells undergo programmed death (apoptosis or autophagy) or permanent cell cycle arrest (senescence). Although apoptosis has been reported in embryos [4, 5] , it typically occurs in less than 10 % of blastomeres in blastocysts. Apoptosis represents an end point of cell fate: the culmination of cellular damage and the signature of a cell that is unable to overcome intrinsic defects or extrinsic insults. Cellular senescence is another programmed cell response to in vitro stress that, similar to apoptosis, is the culmination of damage and corresponding cellular responses. However, senescent cells, unlike apoptotic cells, remain viable and metabolically active, even though they do not divide [7] . Classical cellular senescence is linked to tumor suppression and aging in vivo [6] and is characterized by expression of cell cycle suppressors p16 and p21, expression of SA-β-galactosidase, persistent nuclear foci of γ-H2A.X, and dysfunctional telomeres [20] .
Significant evidence indicates that most of the elements necessary to trigger a senescence phenotype exist during in vitro culture of embryos at ambient oxygen concentrations. High oxygen induces oxidative stress and ROS in embryos [13, [21] [22] [23] ] that lead to increased apoptosis [24, 25] and DNA damage relative to in vivo embryos [26] and embryos cultured in 5 % oxygen [21, 23] . Betts and King [14] proposed that permanent arrest of bovine embryos at the 2-to 4-cell stage is due to oxidative stress, which suggests that blastomeres of the preimplantation embryo are capable of responding with a senescence-like stress-signaling pathway. They demonstrated that arrested 2-to 4-cell bovine embryos have elevated levels of intracellular ROS [13] , are still metabolically active, have high levels of γ-H2A.X foci [15] , and have increased levels of the stress-sensing protein p66Shc [13] . Although embryos that arrest at the cleavage stage appear to have a senescent phenotype, senescence as a cell fate of blastomeres in embryos at later stages of development has not been reported.
The tumor suppressor p53 does not appear to have a role in early embryo senescence [13] , but the p53 pathway is activated in blastocysts in response to genotoxic stress or in vitro culture [27] [28] [29] [30] [31] . DNA damage thus activates the DNA damage response, including the p53 pathway, which can lead to apoptosis or senescence. The role of apoptosis in blastocysts is not clear, however. Using a bovine model, Leidenfrost and colleagues [32] observed permanent cell cycle arrest and nonapoptotic cell death in blastocysts, the latter occurring mostly in the inner cell mass. Our findings suggest that although DNA damage due to ambient oxygen may not reach the threshold necessary to induce cell death, it nonetheless results in significant molecular responses that at a minimum require resources to repair; this response may ultimately lead to cell cycle arrest.
An early marker of cellular senescence is SA-β-galactosidase [8] , an enzyme present in most senescent cells and induced by prolonged culture of somatic cells. Our study demonstrates for the first time that SA-β-galactosidase is present in in vitro-derived murine blastocysts. Classic acid β-galactosidase can be found in all eukaryotic cells in the lysosome and is distinguished from SA-β-galactosidase by its pKa, with the former active at a pH of 6.0. These enzymes are important for processing cellular waste components (eg, gangliosides, glycosaminoglycans, glycoproteins) by hydrolyzing β-linked terminal galactosyl residues from cell-derived (as well as artificial) substrates [33] .
The importance of SA-β-galactosidase detection in embryos remains to be determined, but it could suggest an increase in lysosomal biogenesis, consistent with oxidative stress. Although SA-β-galactosidase is the first marker used to establish a senescent phenotype, the biological significance of this assay remains in question. SA-β-galactosidase activity at pH 6 increases in some nonsenescent cells [34] and may simply reflect an increase in lysosomal biogenesis [35] . Oxidative stress from mitochondrial ROS production during aging [10, 35] or exogenous ROS can lead to accumulation of oxidation products such as lipofuscin [36] ; if lysosomal mass increases in an attempt to compensate for the high amount of oxidation products, then higher SA-β-galactosidase activity results [37] . γ-H2A.X is a highly sensitive marker of DNA damage [38] and is necessary for classification of the senescent phenotype [39] . γ-H2A.X forms foci at the site of double-strand breaks, causing recruitment of several DNA repair and cell cycle checkpoint proteins. Our results illustrate that embryos cultured in vitro at 20 % oxygen have a considerable number of cells with extensive DNA repair activity, likely due to oxidative stress. We used the threshold of at least 5 γ-H2A.X foci per nucleus [17] to classify cells as senescent. However, because the DNA damage response must be persistent to induce senescence [40] , it is possible that these are transient foci that are repairable and, once restored, allow cells to continue proliferation. Although ours is the first report of γ-H2A.X in blastocysts and the fate of affected blastomeres is unknown, a prior report has shown that bovine embryos that arrest at the 2-cell stage are positive for γ-H2A.X and proliferating 2-cell embryos do not show expression of γ-H2A.X; taken together, γ-H2A.X may be a marker of senescence in preimplantation embryos [14, 15] . Similarly, genotoxic stress induces γ-H2A.X in 2-cell mouse embryos and results in cell cycle arrest [41] .
The cellular response to DNA damage results in senescence via the p53-p21 or p16-pRB cell checkpoint pathways [7] . We demonstrated that the potent cell cycle inhibitor p21, but not p16, is upregulated during in vitro culture. p21 is a cyclin-dependent kinase inhibitor that is upregulated in dormant mouse blastocysts during delayed implantation [42] and causes cell cycle arrest in irradiated embryos [43] . DNA DAPI denotes 4', 6-diamidino-2-phenylindole; γ-H2A.X, phosphorylated histone H2A.X damage, specifically that associated with γ-H2A.X, initiates the p53-p21 signaling pathway at the onset of cellular senescence, whereas unphosphorylated H2A.X leads to degradation of p21 and cell death [7, 9] . The role of p16 (another cyclin-dependent kinase inhibitor) in the induction of senescence is less clear. Some studies support p16-driven senescence [44, 45] , whereas others could not find any expression of p16 [46, 47] . We did not detect any p16 RNA, consistent with prior work suggesting that the pRB pathway does not develop until after implantation [48] . In contrast, p21 expression was higher in the in vitro group than the in vivo group, providing additional evidence that the senescence response may be active in blastocysts because p21 is a key target of p53-dependent senescence [49] . Another feature of senescent cells is a proinflammatory phenotype, mostly seen in chronic inflammation and commonly assessed by IL6 expression levels [20] . Because we did not observe a difference in IL6 gene expression between in vitro and in vivo embryos, the response to oxidative stress in in vitro blastocysts may be a premature, stress-induced, senescence-like phenotype, with the primary effect of upregulating p21.
The effect of in vitro culture on embryo health remains an important area of investigation because questions about potential adverse effects of culture continue to be raised [50, 51] . In the present study, embryos were cultured in 20 % oxygen, which likely contributed to the extent of oxidative stress because atmospheric oxygen levels adversely affect outcomes in most species studied [52, 53] and alter genetic imprinting [3] . Although reduced-oxygen culture is universally adopted in bovine embryo production and results in improved live birth rates for human IVF [54, 55] , many clinical IVF laboratories continue to use 20 % oxygen [56] . Assessment of apoptosis in embryos shows greater apoptosis in in vitroderived bovine embryos compared with in vivo embryos [25] , suggesting the potentially deleterious effects of a suboptimal culture environment [57] . The detection of both apoptotic and arrested cells in bovine blastocysts [32] indicates coexistence of these 2 cell fates in a single blastocyst, resulting in fewer total cells. Cell stress might therefore lead to embryo lethality because of the loss of a critical number of cells.
In summary, markers of cellular senescence, including SA-β-galactosidase, γ-H2A.X, and p21, are expressed in murine blastocysts cultured in vitro and indicate that a senescence-like state may be induced through oxidative stress and suboptimal culture conditions. Culture in 5 % oxygen reduced markers to levels similar to that seen with in vivo embryos, illustrating another mechanism of damage induced by culture at ambient oxygen. The fate of these DNAdamaged cells in blastocysts is unknown, but the possibilities include repair with transient cell cycle arrest, senescence with complete cell cycle arrest, or apoptotic cell death. Further studies of DNA damage, the cellular senescence pathway in embryos, and the role of oxidative stress and other embryo culture conditions are warranted.
